The global heat flow is the surface representation of thermal processes within the earth's mantle. The long-wavelength pattern of observed heat flow closely resembles the plate tectonics and its most prominent feature is higher values along ocean ridge systems. Theoretically, to determine the thermal state of the Earth's mantle, the heat transfer problem and the mantle convection problem have to be solved simultaneously since they are coupled with each other. However, the development of global seismic tomography provides us with a possibility that, at least under certain assumptions, these problems can be decoupled from each other and solved separately. This allows us to calculate mantle flow velocities first based on the internal loading theory and then use the velocity field as the input to solve the thermal problem. In addition to the internal density anomalies, surface plate movements also excite mantle circulations and, under certain circumstance, they may dominate the structure of the mantle flow.
INTRODUCTION
predicted that heat flows decrease with age -1/ 2 when away from ridge crests (Stein & Stein 1992) . However, all these works were The global heat flow is of significance because it provides an imbased on 1-D analyses. portant constraint that any dynamic model of the Earth must acRecently, Pari & Peltier (1998) gave an explanation of the global commodate. With increasing observations, we now have a relatively heat flow pattern in terms of tomography-based mantle flow, in accurate understanding on its regional variations. One of the most which they assumed that the heat flow is linearly related to the radial prominent features of the global heat flow is the higher value along component of flow velocity in the uppermost mantle. the ocean ridge systems that closely resemble the global plate tecIn this paper, we are aiming to model the global surface heat flow. tonics (Pollack et al. 1993; Sclater et al. 1980; Chapman & Pollack Instead of using a 1-D heat transfer model or assuming a simple 1975; Deelinger 1992). Variations in heat flow (as well as sea-floor relationship between the mantle flow velocity and the heat flow, we depth) versus the distance away from mid-ocean ridges can be extry to simulate the global heat flow distribution by formally solving plained within the framework of plate tectonics. Both the platethe energy equation and calculate the temperature field. Theoretmoving model and the half-space cooling model (Parson & Sclater ically, the convection pattern and temperature field of the earth's 1977; Davis & Lister 1974) well explain the relationship between mantle should be determined by simultaneously solving the couthe variation in heat flow and the ocean floor age. These theories pled momentum equation and energy equation. However, the new Z.
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results from global seismic tomography provide us with the inforAfter mantle flow velocities excited by density anomalies and mation on 3-D seismic velocity anomalies in the mantle. Based on plate movements were obtained, we want to estimate their influence this information and under certain approximations, mantle flow and on the temperature distribution. Theoretically, whether or not the temperature field can be solved separately. Following this approach, material flux significantly disturbs the initial temperature distributhe moment equation is solved first. Density anomalies derived from tion depends on the non-dimensional number Pe (Tritton 1977) . The seismic tomography are treated as sources of the buoyancy exciting Peclet number Pe is defined as Pe = UL/k, where U and L are scales the mantle flow. Mantle flow velocities can then be obtained based of the velocity and the length of the system and k is the thermal on the internal loading theories (Hager 1984; Richards & Hager diffusivity . The Peclet number can be interpreted as a measure of 1984; Forte & Peltier 1991; Ye et al. 1996) . the relative importance of the heat advection and conduction. For In addition to the internal density anomalies, surface plate movethe mantle dynamic system, the thermal diffusivity k is in the order ments can also drive the mantle circulation. Sometimes, they will of 10-6 m 2 s-'. Taking the typical plate motion velocity and the even dominate part of the flow structure in the mantle (Zhong et al. depth of the core-mantle boundary as velocity and length scales, 2000). After mantle flow velocities are obtained, they can be used we have an estimation of several thousands for the Peclet number, a in the energy equation for solving the global temperature distribuvalue large enough to significantly influence the initial conductive tion and surface heat flow (Pari & Peltier 1998; Ye & An 1999) . All temperature field in the mantle and hence the heat flow distributhese processes, mantle flow, heat transfer and surface heat flow, are tion pattern at the surface of the Earth. The non-dimensional energy examined in a 3-D spherical geometry frame.
equation describing temperature field is
TEMPERATURE
Here the first term on the left hand side of eq. (3) is the time variThe mantle is assumed to have an infinite Prandtl number Pr ationof the temperature, the second term is advection heat transfer (Pr = v/k, where v is the kinemitic viscosity and k is the thermal and the right hand side is the conductive heat transfer. Due to a high diffusivity); behaving as an incompressible Newtonian fluid; and Peclet number, advection heat transfer is dominant in most of the having a radial symmetric shell viscosity structure. Because of the mantle. However, the conductive term may still be locally important. infinite Pr number, the inertial term in the momentum equation is For example, in boundary layers near the surface and core-mantle negligible. Equations governing the mantle flow reduce to boundary, velocities are nearly perpendicular to temperature gradi-V *v = 0 ents and the advection heat transfer is inefficient. These regions are particularly important to problems such as surface heat flows and
the thermal history of cooling oceanic plates, etc. For this reason, we T = -p + 2,a(r)e keep both advection and conduction terms, together with the time variation term, in our energy equation. where v is the velocity, T is the stress tensor, Sp is the density ano-. To solve the energy equation, the temperature is divided into maly, g is the gravitational acceleration, p is the pressure, /t is the To solve the energy equaton, the temperature dded two parts. 0c is the temperature distribution under a purely conviscosity and E the strain tensor. Several approaches have been prot p , the temertue on under a purely con We use the spherical harmonic expansion and the Galerkin method (Zebit et al. 1980) to find out the solution of eq. (3) unwhere Xm = (Um Vlmpim ,Qlm)r and X = (Win Rim ) are der the boundary conditions mentioned above. The longitudinal and velocity-stress vectors, 1 and m are degree and order numbers of latitudinal dependents of the temperature field are expanded using poloidal and toroidal components, respectively, Al and B, are 4 x 4 spherical harmonics and its radial-dependent is expanded using a set and 2 x 2 matrixes depending on the viscosity profile. The inhoof trigonometric functions, which automatically satisfy the boundmogeneous term D'm is the mantle flow driving force resulting ary conditions from internal density anomalies. Before we can solve eqs (2a) and (2b), necessary boundary conditions are required. At the core- F(k, 1, m, j, 12, m2) 2500 The relationship between density anomalies and seismic velocity reveal that a steady state can be reached after a relatively short time anomalies shows complexity since in different regions, e.g. deep interval.
continental roots, subducted lithosphere and the D" layer, chemical heterogeneities may play different roles. Some results were de-
R E S U LTS
rived in recent years Forte et al. 1994; Karoto 1993; . In this work, we use a depth depenThere are two factors affecting the mantle flow structure. One is the dent proportional factor to link the density and the S-wave velocity depth dependence of the mantle viscosity; another is the proportional
This factor is similar to that suggested by Pari & factor between density anomaly and seismic velocity anomaly in the Peltier (1995). In the upper mantle the factor is 0.22. It decreases mantle. To investigate the sensitivity of mantle viscosity, four viscoslinearly with depth in the lower mantle and reaches to 0.15 at the ity models are used in our numerical calculations. These viscosity core-mantle boundary. Fig. I(b) gives the depth dependence of this models are shown in Fig. l(a) . Model 1 has a constant viscosity of factor. During the last decade, several new global seismic tomo-1021 Pa s throughout the mantle. Model 2, which is adopted from graphic models have been published and they gave fairly consistent Richards & Hager (1984) , has a high viscosity lower mantle that is results for lower degree velocity anomalies of the Earth's mantle. 30 times higher than that of the upper mantle. Model 3 differs from The SH12WM13 model by Su et al. (1994) is chosen as the input Model 2 in that there is a lower viscosity layer (0.032 x 1021 Pa s) data in this work. between depths 100 and 400 km. Degree Figure 3 . Degree correlations between the observed surface heat flow and predicted near surface temperature gradients for four viscosity models. Fig. 2(b) . From the figure it can be seen that predicted heat flows match the observations (Fig. 2a) Pari & Peltier (1998) . (b) is predicted we can see that correlations between the observed heat flow and depth derivatives of near surface non-dimensional temperature for viscosity the predicted surface temperature gradients for degrees 1-5 and Model 2. Both density anomaly-driven and plate-driven mantle flows are for all four viscosity models are good. Fig. 4 shows variances of considered.
observed heat flows and calculated surface temperature gradients versus degree numbers for viscosity model 2. These variances are flow. In their model, contributions from the crustal radioactivity and normalized according to the RMS value of the degree 1 variance the associated fraction of primarily continental heat flux were not that has been set to unity. Observations and predictions show similar taken into account. Pari & Peltier (1998) introduced a 'continental decaying slopes with the increasing of degree numbers. function' to correct the original observations. A 0 to 12 the degree Included in Fig. 5 is the spherically averaged non-dimensional representation of the modified heat flow is presented in Fig. 2(a) temperature (total temperature 0 + Oc) versus depth for viscoson which plate boundaries are also superimposed. The higher heat ity Model 2. The adiabatic temperature variation is not included. flow values around the mid-ocean ridge system, especially near the Thermal boundary layers with rapid temperature variations near East Pacific Rise and the East Indian Ridge are clearly shown in this the Earth's surface and the core-mantle boundary are clearly seen. figure. Within about 150 km of the top of the mantle, the mean temperature The depth derivatives of the near surface non-dimensional temquickly rises from its surface value to an isothermal state and keeps perature (i.e., the radial components of the near surface temperathat until it reaches the bottom of the lower mantle where, again, it ture gradients), which are proportional to the surface heat flows, increases rapidly to the core-mantle boundary temperature. These are simulated for four different viscosity models using the method features are consistent with our knowledge of the thermal structures provided in Section 2. Depth derivatives of near surface temperawithin the lithosphere and the D" layer. Fig. 6 shows the average tures (summed up to degree 12) for viscosity Model 2 are shown in depth derivative of temperature versus the depth. The temperature
Average Temperature grad. To examine the relative importance of these factors on heat transportation, we separate these two cases. In the first case, the mantle flow is solely generated by the (tomography based) internal density anomalies, and in the second 500 case the mantle flow is excited by surface plate motions only. The power spectrum variations of the surface temperature gradients as functions of harmonic degrees for two cases are shown in Fig. 7 . It is clear that for higher degree (6-12) components, both inter-1000 _nal density anomalies and surface plate movements have nearly the same influence. On the contrary, for lower degree (1-5) components, E the power from the plate-driven mantle flow is much larger than that 1500 _ due to internal density anomalies. Bearing in mind that near-surface Q"g_~.~~~~~~~~~~~ ~~depth derivatives of the temperature (or equivalently radial compoa) nents of temperature gradient) are proportional to the surface heat flow, the result suggests plate motions probably play a more im-2000 _ portant role in generating observed very long wavelength heat flow patterns.
-4 CONCLUSIONS AND DISCUSSION
Global heat flow is an important observation associated with the thermal and dynamical processes in the earth's mantle. In this study, 3000 _
we investigated the origin of the global heat flow pattern based on a kinematic mantle flow model. The mantle flow is driven by internal Figure 5 . Spherically averaged non-dimensional temperature as a function density anomalies and surface plate motions. Results show that the of depth.
observed global heat flow can be explained well using such a model. Various characteristics including the higher heat flow values around gradient reaches its maximum value at the Earth's surface and the mid-ocean ridge systems can be properly recovered. The predicted core-mantle boundary, and vanishes in the near isothermal mantle.
and observed surface heat flows show similar power decays versus Figs 5 and 6 suggest that the initial conductive state of the temperspherical harmonic degrees. In addition to the lateral characterisature field has been changed significantly due to the convective heat tics, the radial variation of the mantle temperature field is also an transfer in the mantle. Both internal density anomalies and surface important indicator. The laterally averaged temperature versus depth 1.6 -Our work is based on a whole mantle flow model and a radial symmetric viscosity structure. Layered mantle flow and lateral vari-1.4 -ations of the viscosity as well as their effects on the mantle thermal structure will be left for the future work. In our model we did not consider the internal heat source in the mantle. The main reason 1.2 \ is that at present we do not have a realistic description of mantle CZt o \~~~~~~/ \ ~~heat source. The contribution from the crustal radioactivity and the -1.0 -associated continental heat flux has been corrected roughly by intro-4) \ ducing a 'continental function' (Pari & Peltier 1998) . It is necessarỹ~~a s-~~ ~ ~ ~ 0.8 _"L~ \ to point out that our model is a kinematic rather than a dynamic U) 0.8 , ,
Ay hmodel.
The velocity and temperature fields in the mantle, which are coupled with each other, were solved separately. The plate motions O 0.6 were imposed as a surface load which actually are part of the con- mal structure and plate-like surface motion.
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